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Interactions of the Calcite {10.4} 
Surface with Organic Compounds: 
Structure and Behaviour at Mineral 
– Organic Interfaces
S. S. Hakim  1, M. H. M. Olsson1, H. O. Sørensen  1, N. Bovet1, J. Bohr  2, R. Feidenhans’l3 & 
S. L. S. Stipp1
The structure and the strength of organic compound adsorption on mineral surfaces are of interest for 
a number of industrial and environmental applications, oil recovery, CO2 storage and contamination 
remediation. Biomineralised calcite plays an essential role in the function of many organisms that 
control crystal growth with organic macromolecules. Carbonate rocks, composed almost exclusively 
of calcite, host drinking water aquifers and oil reservoirs. In this study, we examined the ordering 
behaviour of several organic compounds and the thickness of the adsorbed layers formed on calcite 
{10.4} surfaces. We used X-ray reflectivity (XRR) to study calcite {10.4} surfaces that were prepared 
in three alcohols: methanol, isopropanol and pentanol and one carboxylic acid: octanoic acid. All 
molecules adsorbed in self-assembled layers, where thickness depended on the density and the 
length of the molecule. For methanol and isopropanol, molecular dynamic simulations (MD) provided 
complementary information, which allowed us to develop a surface model. Branching in isopropanol 
induced slightly less ordering because of the additional degree of freedom. Pentanol and octanoic acid 
adsorbed as single monolayers. The results of this work indicate that adhered organic compounds from 
the surrounding environment can affect the surface behaviour, depending on properties of the organic 
compound.
Calcite (CaCO3) is an important biomineral for organisms such as sea urchins, oysters and coccolithophores, a 
group of planktonic marine algae. Crystal growth is controlled by the presence of organic macromolecules1–5. 
Limestone and chalk, which form vast beds of sediments, serving as aquifers for water supply and reservoirs for 
oil and gas, are often composed of 95% or more biogenic calcite. Chalk is composed predominantly of cocco-
liths, which are made of 20 to 60 individual calcite crystals that are less than 1 μm in dimension. Their formation 
is controlled by the activity of complex polysaccharides6–11. In studies by Henriksen et al.8 using atomic force 
microscopy (AFM) and Yang et al.9 using molecular dynamics (MD) modelling, it has been shown that the inter-
action of complex polysaccharides with the calcite surface occur through hydroxyl and carboxylate functional 
groups. In oil reservoirs, the adhesion of hydrocarbon molecules, which contain a range of functional groups, 
controls the extent of oil release12–14. In carbonate rock aquifers, remediation of organic compound contamina-
tion is often limited by the affinity of the pesticides, chlorinated solvents or hydrocarbons to the calcite surfaces 
but for all of these systems, understanding about how different organic compounds interact with calcite is still 
lacking. Therefore our aim was to study how a set of simple organic molecules structure themselves on calcite, at 
the molecular level.
X-ray reflectivity (XRR) is particularly well suited for investigating the characteristics of solid-fluid and 
fluid-fluid interfaces and thin layers on flat substrates15, 16. The technique probes the electron density profile at 
interfaces, revealing information about surface roughness and atomic structure17–23. It is particularly useful on 
minerals such as calcite, which can be cleaved to provide surfaces that are remarkably flat20, 24–29. There are studies 
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of self-assembled monolayers of organic compounds on e.g. Si and SiO2 surfaces, performed using XRR30, 31. 
Supplementary information derived from MD simulations is useful for confirming interpretations of XRR data, 
such as derived electron density profiles32–35. We have used XRR to investigate the interaction of four simple mol-
ecules, methanol, propanol, pentanol and octanoic acid on freshly cleaved calcite {10.4} surfaces. Previous studies 
using AFM, XRR and MD simulations34, 36, have shown that ethanol forms ordered layers on calcite surfaces. A 
recent study by Bovet et al.35, using X-ray photoelectron spectroscopy (XPS) and MD simulations, showed a pat-
tern in the coverage of low molecular weight alcohols.
Calcite has a rhombohedral crystal structure, producing perfect cleavage faces. The alternating Ca2+ and 
CO32− on calcite {10.4} generate a polar, hydrophilic surface. Water is the simplest molecule with hydroxyl (-OH) 
functional group and it interacts strongly with calcite both by electrostatic interaction, between Casurface and 
Ohydroxyl and by hydrogen bonding between Osurface and Hhydroxyl24–28, 37–40. Bohr et al.28 have shown that the thick-
ness of the water layer adsorbed on freshly cleaved calcite surface is unaffected by the relative humidity. The low 
molecular weight alcohols have both a hydrophobic, methyl group (-CH3) and a hydrophilic, hydroxyl group 
(-OH). Thus they can serve as models for more complex organic compounds that are soluble in aqueous solutions 
and that are able to interact with mineral surfaces. Clean, freshly cleaved calcite surfaces are hydrophilic but a 
single monolayer of organic molecules can change their behaviour from hydrophilic to hydrophobic33–37. Tidswell 
et al.41 have previously studied the wetting transition of silicon wafers Si/SiO2 and silicon wafers treated with CH3 
terminated alkylsiloxane/SiO2/Si in the presence of cyclohexane and methanol using the XRR and undertook a 
comparison with results from the contact angle measurements interpreted in the framework of the Hamaker con-
stant. They implemented a method that utilizes the temperature gradient to investigate the wetting transition. A 
comprehensive review of the wetting phenomenon can be found in a study by Bonn and Ross42 where the wetting 
transition from a prewetting layer with a thickness on a molecular length scale takes places to a macroscopically 
thick layer. For example an interesting study reveals the effect of various degree of deuteration of methanol in the 
binary liquid system cyclohexane-methanol43.
The alcohols adsorb to hydrophilic calcite through their polar, -OH end, while their hydrophobic end forms a 
new hydrophobic surface. Studies by Sand et al.34 and Cooke et al.44, using a combination of AFM and MD simu-
lations, showed that ethanol attaches more strongly on calcite surface than water, forming an ordered and stable 
adsorption layer. An MD study by Keller et al.33 demonstrated that ethanol replaces water at the surface if the liq-
uid is a water/ethanol mixture. A recent study by Ataman et al.45 used density functional theory (DFT) and XPS to 
show that carboxylic acids (R-COOH) adsorb more strongly than alcohols (R-OH) and water (H-OH) and these 
interact more strongly than aldehyde (R-CHO). They reported that side groups of organic molecules influence the 
adsorption behaviour of the hydroxyl functional group.
XRR has been used in several studies to observe the interaction of water on calcite24–28. Pasarin et al.36 inves-
tigated ethanol adsorption on calcite but we are not aware of any XRR studies of larger organic compounds. 
Organic molecules with the same functional groups have different properties as a result of their structure and 
their side groups45 so additional information about their structuring at the surface would improve our under-
standing. Some recent MD studies33, 34, 36, 44, that have primarily focused on interactions between straight chain 
organic molecules and calcite, have frequently used ethanol as a model for organic molecules with hydroxyl 
groups, including quite complex polysaccharides. The purpose of the present study was to further investigate 
surface ordering of other organic molecules on calcite surfaces for four different systems with varying molecule 
structure but under common condition (ambient condition). One of our main interests was to gain a deeper 
understanding about the interaction of branched molecules with calcite so we chose isopropanol, which has sim-
ilar molecular size and bulk liquid density as ethanol. The other aim in this study was to investigate the thickness 
of the adsorbed layer based on molecule length and density. So we chose pentanol and octanoic acid, which have 
longer chains and higher bulk density. Carboxylic acids are common in natural systems, as humic and fulvic acids 
in groundwater, rivers, lakes and the ocean and they are common polar components in crude oil. Because of their 
very polar functional groups, molecules with carboxyl groups act as surface active agents.
Results and Discussion
Small Molecule Surface Films - Methanol and Isopropanol. Reflectivity data for methanol and iso-
propanol are presented in Fig. 1a and b, where we depict the best fit surface models. The measured reflectivity 
intensity (black dots), presented in Fig. 1, was used to fit the surface model (red line) and is plotted as a function 
of the perpendicular component, ki of the incoming k vector, i.e. ki = (Q/2) = (2π/λ) * sin(θ), where Q represents 
the scattering vector (Å−1) and λ represents the wavelength (Å). A χ2 based R-value is calculated from the resid-
uals, which are plotted at the bottom of the reflectivity curves, showing the goodness of the fit.
Figure 2 shows the calculated scattering length density (SLD) as a function of depth into the calcite substrate. 
The best fit models suggest a 21 Å thick layer of methanol and a 20 Å thick layer of isopropanol adsorbed on the 
calcite surface (Fig. 2a and b). The results of the fit are compiled in Table 1. In the estimations for the theoretical 
molecule lengths, in Table 1, the thickness of the first molecular layer of the organic compound on the calcite 
surface is estimated to be the distance from the Ca ion in the calcite surface to the end of the molecule, i.e. the 
distance from Ca to the O ion in the hydroxyl group, which is 2.07 Å for alcohols (Fig. 4) and 2.32 Å for carboxylic 
acids, plus the distance to the end of organic molecule45, 46. The results are in good agreement with the previous 
study by Pasarin et al.36, who showed that ethanol forms ordered layers on calcite with a total thickness of 20.3 Å, 
and is composed of two layers with thicknesses of 5.4 Å and 14 Å for the first and following layer (Theoretical 
length of the ethanol molecule is 6.0 Å including distance to the surface). The roughness of the calcite surface in 
that study was 0.7, and the fitted model suggested a density of 0.8 g/cm3 for the ordered ethanol layers. The bulk 
density and layer thickness for isopropanol and methanol (Table 1), are similar to those of ethanol, and consider-
ing the similarity of the molecular structures, we expect similar attachment, through -OH functional groups, and 
similar intermolecular and lateral interactions within the bulk layer. All three compounds developed an adsorbed 
www.nature.com/scientificreports/
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Figure 1. The best fit surface models. The best surface model (red line) fitted to the reflectivity data (black dots) 
of (a) methanol and (b) isopropanol adsorbed on calcite {10.4}. Residuals for the fit are plotted below each plot.
Figure 2. Scattering length density (SLD) based on the fitted model. Calculated SLD for (a) methanol, with 
total thickness of 21 Å and (b) isopropanol, with a total thickness of 20.1 Å.
www.nature.com/scientificreports/
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layer with a total thickness that corresponds to at least three molecular layers of alcohol. The decreasing trend in 
the alcohol density in the upper layers (alcohol-2 and alcohol-3) is indicating that these layers are less ordered 
compared with the first layer (alcohol-1).
Modelling results. To further interpret our reflectivity data and better understand the alcohol-calcite inter-
action, we complemented the experimental data with MD simulations. We were interested in the effect of the 
molecule size and structure of the organic compounds and we wanted to relate our results with the previous stud-
ies of ethanol36. We simulated n-propanol and isopropanol and extracted the density profiles. The two propanol 
Figure 3. Mass density predicted for n-propanol and isopropanol on calcite {10.4}. The distances are recorded 
with reference to the calcite plane, defined by calcium, carbon and one of the oxygen atoms (black dashed line). 
For each carbonate ion, a second oxygen is above this plane and third is below (red dashed lines).
Table 1. List of TANC interactors.For each interactors, the interacting TANC protein, the detection method 
and the binding region (experimentally validated) are here listed. Y2H: Yeast two hybrid; Co-IP: Co-
immunoprecipitation; SPR: Surface plasmon resonance HTS: High-Throughput System; AC: Affinity Capture; 
PL: Proximity Label; MS: Mass spectrometry; CLIP: Cross-Linking ImmunoPrecipitation SF-TAP/MS: 
systematic tandem affinity purifications coupled to mass spectrometry. LIG_PDZ_Class_1: PDZ-binding motif; 
LIG_EVH1_1: Proline-rich motif binding to signal transduction class I EVH1 domains; DEG_SCF_TRCP1: 
SCF-betaTrCP1 complex target site; MOD_LATS_1: phosphorylation motif recognised by the LATS kinases; 
DOC_PP1_RVXF_1: PP1 docking motif; LIG_14-3-3_2: phospho-motif mediating the interaction with 14-3-3 
proteins; LIG_Actin_WH2_2: Actin-binding motif; TRG_NES_CRM1_1: Nuclear Export Signal.
www.nature.com/scientificreports/
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isomers have similar bulk liquid densities to ethanol. N-propanol has a straight chain structure whereas isopro-
panol is branched.
In Fig. 3, we present the nuclear density obtained from MD simulations. Both propanol isomers form thin 
films on the calcite slab, as we also found in our isopropanol experiment. These films were not uniform in density 
perpendicular to the calcite surface but formed distinct layers with propanol enrichment and depletion, which 
suggested that the molecules ordered themselves into a structured density profile. This is consistent with results 
from ethanol studies33, 34. The molecular layers closest to the surface (1.3 to 6.6 Å for n-propanol and 1.3 to 5.4 Å 
for isopropanol) were well ordered, which can be seen from the sharp, well defined density peaks, and the mole-
cules adsorbed in a close packed form. This is consistent with XPS results from calcite with adsorbed methanol, 
ethanol and propanol35.
The most intense peak for both alcohols (Fig. 3) is from the hydroxyl oxygen at a distance of 2.07 Å perpen-
dicular to the surface. In bulk calcite, Ca is coordinated with O of the carbonate ion, so at the termination of the 
bulk structure, where the balance of forces between atoms is lost, Ca would attract O from ethanol to complete its 
coordination. The next intense peaks represent the CHn groups. This peak structure reveals that the first layer of 
molecules adsorbs perpendicular to the calcite surface and that it has significant interaction with it.
The coordination of two propanol isomers to the calcite surface is shown in Fig. 4. Both alcohols attach 
through hydrogen bonding from the OH group of the alcohol to one of the carbonate oxygen atoms and through 
electrostatic interactions between the hydroxyl oxygen atom and the calcium ion. For n-propanol, the density 
contributions from Carbon Atoms 1, 2 and 3 are visible at distances 3.23, 4.03 and 5.46 Å from the surface (Figs 3 
and 4). For isopropanol, the carbon dominated peaks are split in two: the peak representing Carbon Atom 1 is 
3.42 Å from the surface and the contribution from the two identical carbon atoms, labelled 2 and 3, is 4.10 Å from 
the surface (Figs 3 and 4). The density peak for these atoms is significantly broader, which is consistent with a 
larger flexibility in orientation at the surface for isopropanol than n-propanol. Because both propanol isomers 
have the same functional group attached to the calcite surface, and Carbon Atom 1 is covalently linked to the 
hydroxyl group, the two first peaks are more or less identical in the density profile whereas the remaining peaks 
are different for the two systems. The broadening in the third and following peaks shows that the remaining car-
bon positions are more flexible.
The second and following molecular layers were less ordered than the first and show an accumulation of rela-
tively free molecules at distances 8.8, 13.0 and 17.5 Å from the surface for n-propanol and 7.7, 11.8 and 16.5 Å for 
isopropanol. As a consequence, there are corresponding depletion zones at distances 11.3, 15.3, and 19.4 Å from 
the surface for n-propanol and 10.3, 14.1, and 18.3 Å for isopropanol. These zones of higher and lower density 
are expected in an ordered structure, just as there are planes of higher and lower atomic density in crystalline 
solids, the precise spacing of these enrichment and depletion zones should be considered with caution because 
the nuclear density is centred at the atom positions of each molecule whereas the electron density is distributed 
over the entire molecule. These layers are to a certain degree governed by polar surface-alcohol interactions but 
originate more likely from oscillatory forces47.
The simulated density profiles in this study are consistent with the results for ethanol on calcite, presented 
by Pasarin et al.36 and Bovet et al.35. They reported a thickness of 5.4 Å for the first adsorbed layer followed by a 
narrow density depletion gap (0.9 Å) and a more disordered ethanol layer (14 Å). Our MD simulations also pre-
dicted a narrow nuclear density gap after the first surface layer of self-organized propanol, before the remaining 
propanol. This gap is found above 6.6 Å from the surface for n-propanol and above 5.5 Å for isopropanol. This is 
consistent with isopropanol and ethanol being about the same length and n-propanol being 1.1 Å longer.
Our XRR data do not reveal depletion in the SLD after the first molecular layer as observed by MD predic-
tions. The gap, if it is present, is only marginally detectable in this current study, considering the sample roughness 
Figure 4. Coordination to the calcite surface for the two propanol isomers. Propanol forms strong interactions 
through hydrogen bonding and electrostatic interactions between Oalcohol and Casurface. The carbon superscript 
denotes the atom numbering used in the next paragraphs.
www.nature.com/scientificreports/
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and the instrumental resolution. Another possibility for not observing the gap could be because trace impurities 
and other isomers are present. Finally, the lateral interaction is an important factor that also must be considered 
when it comes to methanol and isopropanol compared with ethanol. The way molecules pack on the mineral 
surface has an important influence on surface coverage and the lateral forces that influence layer ordering. Using 
heat of adsorption measurements, DFT and MD simulations, Okhrimenko et al.48, showed that on calcite, metha-
nol interacts more weakly laterally than the other alcohols. Their experimental results also indicated that ethanol 
has higher adsorption affinity on calcite surface than isopropanol although DFT and MD simulations suggested 
equal bonding strength.
Single Monolayers - Pentanol and Octanoic Acid. Reflectivity data for pentanol and octanoic acid were 
fitted using the same procedure as for the short chained molecules. The model that best represented the experi-
mental data for pentanol was a single layer that reached 6.7 Å out from the calcite surface (Table 1 and Figs 5a and 
6a). This can also be seen from a weak oscillation on the reflectivity curve in Fig. 5a. This thickness corresponds 
reasonably well with the length of a single pentanol molecule adsorbed on calcite, i.e. 7.9 Å (Table 1). The results 
agrees well with the study by Bovet et al.35. They have shown using MD simulations that pentanol interacts with 
calcite through the same hydroxyl functional group, by hydrogen bonding and electrostatic interaction, with its 
fatty tail standing away from the surface with molecule length of approximately 7.9 Å.
Pentanol molecule is longer than methanol, ethanol and isopropanol so there is more possibility for lateral 
interactions between the molecules in the first adsorbed layer and there is too little drive for the molecules in the 
subsequent layers to order themselves above the hydrophobic terminations of the first layer. This phenomenon 
may be a sufficient cause for adsorbed pentanol layer to be limited to one monolayer.
Octanoic acid also adsorbs to calcite with its polar functional group, while its fatty end stands away from the 
surface. The double bonded oxygen atoms of the carboxyl group (-COOH) interact electrostatically with surface 
calcium and the hydrogen interacts with the surface oxygen leading to hydrogen bonding45, 49. For octanoic acid, 
a fit of the model to the reflectivity data indicated an adsorbed layer with a total thickness of 10.5 Å (Table 1 and 
Figs 5b and 6b). The single monolayer can clearly be seen from the single and wide oscillation on the reflectivity 
data in Fig. 5b. This is in agreement with the length of an octanoic acid molecule adsorbed on calcite, 11.9 Å 
(Table 1). The apparent difference may indicate that the tail of the molecules from the first carbon atom of the 
functional group are tilted at an angle, this is also observed for octanoic acid on ZnO (0001) surface in a DFT 
study by Islam et al.50. Although, molecular disorder could also contribute to the apparent thinning of the layer. 
Figure 5. The best fit surface models. The best surface model (red line) fitted to the reflectivity data (black dots) 
of (a) pentanol and (b) octanoic acid on calcite {10.4}. Residuals for the fit are plotted below each plot.
www.nature.com/scientificreports/
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This is due to the interaction of carboxyl groups with the polar surfaces and also the lateral interactions of the 
bounded carboxylic acids, which is discussed in details in a study by Ulman51. For the surface model, we fitted 
a two box model, where we split the density into the head group with a higher density and the alkyl tail with 
slightly lower density (Fig. 5b). In this model, the best fit model, the thickness of the first box for the head group 
(CH2-COOH), is 3.5 Å which corresponds very well to the distance from above the Ca atom of the surface to the 
second carbon atom of the acid, and the thickness of the second box, the rest of alkyl tail (-C6H13) is fitted to 7 Å, 
which can be explained by a tilting angle of β = ArcCos(7 Å/8.53 Å) ≈ 35°, where β is the angle between the tilted 
molecule chain and the normal to the surface, and calculated length for the tail (estimated distance from the sec-
ond carbon atom to the last hydrogen cloud of the molecule) is ≈8.53 Å46. Furthermore, the ratio of absolute den-
sities in each box ρbox-1/ρbox-2 = 1.1/0.83 = 1.34 is in approximate agreement with scattering electron densities in 
each box, [31(e)/3.5(Å)]/[49(e)/7(Å)] = 1.26. A one box model was also tested, but the fit was significantly poorer.
Similar to pentanol, octanoic acid has a long alkyl chain so the adsorbed layer is limited to one monolayer and 
ordering does not continue beyond the first layer.
The observed behaviour of pentanol and octanoic acid is relevant when considering the behaviour of mineral 
surfaces in nature and in industry, where natural solutions are a mixture of organic molecules, such as humic 
acids, polysaccharides, the hydrocarbons and complex polar molecules in crude oil, as well as all of the organic 
compounds in living systems where organisms create biominerals. For all four organic compounds on calcite, 
which we studied, we find a slightly higher density of the first adsorbed layer of the organic compounds. This 
shows that this layer is more ordered than the subsequent layers (Table 1).
The value of the roughness parameters decreases from 2.08 for methanol to 0.2 for octanoic acid. The density 
of calcite is about 2.7 g/cm3, which is nearly three times as large as the alcohol/carboxylic acid, the measured 
calcite roughness is therefore dominated by the morphology of the calcite surface, i.e. by steps, islands, etc. If 
we assume that these surface features are essentially as they appear from the cleavage process, then the rough-
ness tells us about how successful the cleavage was to obtain a flat surface. In the present case cleaving calcite 
in pentanol and octanoic acid leads to significantly flatter surfaces than cleaving in methanol and isopropanol. 
Moreover, cleaving calcite in air results in even rougher surfaces. It is our experience that the cleavage in liquids 
generally results in better surfaces than dry cleavage. This is probably because of the liquid lubricates the interface 
between the scalpel blade and the crystal surface providing a smoother cutting procedure. This is an interesting 
phenomenon that needs to be further studied how these organic compounds with different bulk properties make 
bonds with the calcite surface at the atomic level during the process of cleavage, resulting in flatter cleavages.
The strong affinity of organic molecules for calcite, their ability to order themselves and attach strongly, is 
consistent with previous studies, showing all mineral surfaces such as calcite, quartz, feldspar, mica and clay are 
covered with at least one layer of organic material14, 37. Self-assembled monolayers of long alcohols (higher than 
decanol) have previously also been observed on other surfaces than mineral surfaces. Haddad et al.52 have charac-
terised octadecanol on Si(001) by XRR and studied the structure of the alcohol monolayer as function of temper-
ature by following the thickness of the monolayer which gets slightly thinner when raising the temperature above 
the alcohol melting point, indicating that all molecules are still roughly aligned with surface-normal. Similarly 
the structuring of a Langmuir self-assembled monolayers of 1-decanol and 1-dodecanol on a water surface has 
been studied by Berge et al.53 using grazing incidence X-ray diffraction. Furthermore, Rieu et al.54, have studied 
the long chain alcohol monolayers at air-water interfaces by X-ray reflectivity.
Figure 6. Scattering length density (SLD) based on the fitted model. Calculated SLD profile for (a) pentanol, 
with a total thickness of 6.7 Å and (b) octanoic acid, with a total thickness of 10.5 Å.
www.nature.com/scientificreports/
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Conclusions
We investigated adsorbed layers of methanol, isopropanol, pentanol and octanoic acid on freshly cleaved calcite 
{10.4} surfaces that were cleaved in the organic compound of interest, using XRR and MD simulations. Methanol 
and isopropanol are comparatively similar in bulk density and molecule length, whereas pentanol and octanoic 
acid has a longer chain and slightly higher bulk density. All four molecules bind to the calcite surface through 
their functional group, while their ability to form ordered layers is influenced by the density and structure of the 
molecule chain.
The results from XRR and MD show that small organic molecules, namely methanol and propanol, organize 
themselves on the calcite {10.4} surface and form structures with both lateral and vertical order. Modelling pre-
dicts, as expected, that the organic molecules are bound to calcite {10.4} with their hydrophilic functional groups 
through strong interactions, standing perpendicular to the surface with their aliphatic tail pointing away. The 
smaller organic molecules, methanol and isopropanol, formed layers with similar total thickness (20 to 21 Å) and 
the densities determined for the adsorbed material is consistent with their bulk densities. The results agree well 
with the previous study by Pasarin et al.36, where ordered ethanol layers on calcite were found to be 20 Å thick. 
The two other organic compounds, pentanol and octanoic acid, with slightly longer molecule lengths and higher 
densities, also formed ordered adsorbed layers but the thickness was 6.7 Å for pentanol and 10.5 Å for octanoic 
acid. This is equivalent to a single molecular layer, including the molecule length plus the binding length to the 
calcite surface. For pentanol, this is 7.9 Å and for octanoic acid, it is 11.9 Å.
MD simulations allowed us to compare the behaviour of n-propanol, which has a straight chain structure, with 
isopropanol, which is branched. The density peak for the two carbon atoms that represent the branch of isopro-
panol in the first adsorbed layer is significantly broader, which is consistent with more flexibility in orientation 
and less dense structure for isopropanol than n-propanol.
Our results demonstrate that simple organic molecules form ordered adsorbed layers on calcite and the layer 
thickness is defined by their character. This implies that in nature and in industrial processes, where there is a 
multitude of possible organic adsorbates, no calcite surface is completely clean. Organic compounds from the 
surrounding environment would adhere to the surface and depending on their properties, could alter the surface 
properties and behaviour.
Methods
X-ray Reflectivity and Sample Preparation. Calcite crystals used in this study were cleaved just before 
the experiments from single crystals of optical quality Iceland spar. We cleaved the samples using the method 
described by Stipp and Hochella37. All tools and the calcite crystal bar were cleaned and rinsed in the organic 
compound before the crystal was merged in the organic liquid to be cleaved. Gentle pressure was applied repeat-
edly in parallel to the {10.4} surface, until the crystal cleaved, immersed in the organic compound, and the freshly 
cleaved surface is completely covered in the organic liquid. We used freshly cleaved surfaces, without any expo-
sure to the air, to minimize adventitious carbon contamination, which could change the surface properties and 
behaviour. The quality of the fresh {10.4} surface was inspected by its reflection of visible light. The sample was 
kept in the liquid until it was mounted in the sample cell. The crystal, still covered by a thin layer of the liquid, was 
quickly and carefully moved from the liquid and placed in the cell. The cell was sealed and filled by the He/organic 
vapour. This procedure took less than a minute.
For all experiments, the atmosphere inside the cell was kept saturated with the organic compound by con-
stantly bubbling helium gas through the organic liquid into the cell, such that the cell is kept at a constant elevated 
pressure of the He/organic vapour. The system was allowed to equilibrate for an hour while aligning the crystal in 
the X-ray beam. The assumption of a saturated gas phase was not independently verified. Because of the strong 
tendency for strong substrate binding and therefore for the formation of a solid layer which would introduce 
strong stepwise features in isotherms, we believe that possible lack of complete saturation would not drastically 
change the layer thickness. In a previous study by Bohr et al.28 for water layer on calcite the thickness of the 
adsorbed water layer was found to be constant in the range of 10–100% humidity.
Experiments with methanol, isopropanol and octanoic acid were conducted in the closed cell, covered with a 
cylindrical Kapton window, at the I811 beamline at the MAX IV Laboratory, Lund, Sweden, with beam energy of 
12.4 keV. The experiment under pentanol was performed in a closed sample cell covered by a quartz glass dome at 
the I07 beamline at the Diamond Light Source, Didcot, UK, with beam energy of 18 keV. All organic compounds 
were of >99.5% purity (supplied by Sigma-Aldrich). XRR data was recorded on a 2D Pilatus 100 K detector up to 
the first Bragg peak. Adjusting the exposure time and beam filters for maximal signal-to-noise ratio at all angles. 
The XRR data were integrated using the method by Straasø et al.55. The integrated intensities were corrected for 
background and scaled according to the incoming beam intensity.
XRR Data Fitting. Reflectivity intensity is proportional to the absolute square of the Fourier transform of 
scattering length density (SLD) in the vertical direction to the surface. Thus, obtaining the SLD structure from the 
measured reflectivity data leads to the well known phase problem17, 18. This phase problem from 3-dimensional 
crystallography is overcome by the simpler task of making one dimensional models in an attempt to fit the exper-
imental reflectivity data. Therefore, the density profile can be obtained from a best fit surface model. To fit a most 
probable surface model to the experimental data, we used a program developed in MATLAB, R2010b, originally 
implemented in a study by Whiting et al.56, implementing the Parratt method17 as outlined by Zhou et al.57. For 
details on reflectivity studies see Tolan and Press58 and Fermon et al.59. We tried a number of box models to fit 
the data for each organic compound, where each box or layer was represented by three parameters, thickness 
(Z), mass density (ρ) and roughness (σ) in a way that ensured consistency between the calcite-molecule systems. 
For all refinements there are at least two roughness parameters one for the solid-liquid interface and one for the 
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liquid-gas interface. The roughness is assumed to be Gaussian. In all the models, we used two boxes to represent 
the inorganic layers, one for the calcite substrate and one for the helium atmosphere. The other boxes were used to 
model the adsorbed organic layer. To evaluate how well the fitted model represented the data, the software imple-
ments a χ2 based R-value, calculated from the residuals that are plotted below the fitted models in the figures.
Molecular Dynamics Modeling. The simulation system was set up by creating a calcite slab with planar 
{10.4} surfaces, using Material Studio60. This face is the most stable and most common for calcite. Simulations 
were performed for systems of n-propanol and isopropanol. We added 500 alcohol molecules close to but not 
touching the surface. The system energy was then minimized with the GROMACS package61–63 using the steepest 
descent algorithm to attain a low energy configuration. Molecular dynamics simulations were performed with 
periodic boundary conditions, constant temperature to obtain an NVT canonical ensemble, using particle-mesh 
Ewald summation for long range interactions, an Andersen thermostat and the leapfrog algorithm64, 65. VMD66 
was used for visualization and analysis. The 6 layer calcite slab was 48.576 Å × 49.90 Å in x and y directions and 
the z direction was extended to 250 Å to avoid artificial interactions with image slabs resulting from the periodic-
ity. The three bottom layers were frozen in their bulk positions to minimize artificial distortions that could arise 
from using a thin truncated slab rather than a nanometer scale crystal. The force field used in this study was a 
hybrid of the AMBER and Pavese potential functions, as previously used by Sand et al.34. The calcite parameters 
were adopted from Pavese et al.32 and the alcohol parameters came from AMBER67, 68. The potential for the cross 
terms were those proposed by Freeman et al.69. Simulations were run at 300 K for more than 50 + 50 nanoseconds 
(ns), where the first 50 ns simulation was discarded as equilibration and the second 50 ns simulation was used to 
collect averaged adsorption properties.
References
 1. Weiner, S. & Dove, P. M. An overview of biomineralization processes and the problem of the vital effect. Rev. Mineral. Geochem. 54, 
1–29 (2003).
 2. Weiner, S. & Addadi, L. Design strategies in mineralized biological materials. J. Mater. Chem. 7, 689–702 (1997).
 3. Arias, J. L. & Fernández, M. S. Polysaccharides and proteoglycans in calcium carbonate-based biomineralization. Chem. Rev. 108, 
4475–4482 (2008).
 4. Churchill, H., Teng, H. & Hazen, R. M. Correlation of pH-dependent surface interaction forces to amino acid adsorption: 
Implications for the origin of life. Am. Mineral. 89, 1048–1055 (2004).
 5. Addadi, L. & Weiner, S. Control and design principles in biological mineralization. Angew. Chem. Int. Ed. 31, 153–169 (1992).
 6. Frølich, S. et al. Smaller calcite lattice deformation caused by occluded organic material in coccoliths than in mollusk shell. Cryst. 
Growth Des. 15, 2761–2767 (2015).
 7. Schultz, L. N. et al. From nanometer aggregates to micrometer crystals: Insight into the coarsening mechanism of calcite. Cryst. 
Growth Des. 14, 552–558 (2014).
 8. Henriksen, K., Young, J. R., Bown, P. R. & Stipp, S. L. S. Coccolith biomineralisation studied with atomic force microscopy. 
Palaeontology 47, 725–743 (2004).
 9. Yang, M. J., Stipp, S. L. S. & Harding, J. Biological control on calcite crystallization by polysaccharides. Cryst. Growth Des. 8, 
4066–4074 (2008).
 10. Borman, A. H. et al. The role in CaCO3 crystallization of an acid CA-2+ -binding polysaccharide associated with coccoliths of 
EMILIANIA-HUXLEYI. Eur. J. Biochem. 129, 179–183 (1982).
 11. Anning, T., Nimer, N., Merrett, M. J. & Brownlee, C. Costs and benefits of calcification in coccolithophorids. Journal of Marine 
Systems 9, 45–56 (1996).
 12. Ioannou, I., Hoff, W. D. & Hall, C. On the role of organic adlayers in the anomalous water sorptivity of Lepine limestone. J. Colloid 
Interface Sci. 279, 228–234 (2004).
 13. Matthiesen, J. et al. How naturally adsorbed material on minerals affects low salinity enhanced oil recovery. Energy Fuels 28, 
4849–4858 (2014).
 14. Matthiesen, J., Hassenkam, T., Bovet, N., Dalby, K. N. & Stipp, S. L. S. Adsorbed Organic Material and Its Control on Wettability. 
Energy Fuels (2016).
 15. Applications of Synchrotron Radiation in Low-Temperature Geochemistry and Environmental Science. Vol. 49 (Mineralogical Society 
of America, 2002).
 16. Russell, T. P. X-ray and neutron reflectivity for the investigation of polymers. Mater. Sci. Rep. 5, 171–271 (1990).
 17. Parratt, L. G. Surface studies of solids by total reflection of X-rays. Phys. Rev. 95, 359–369 (1954).
 18. Als-Nielsen, J. & McMorrow, D. Elements of Modern X-ray Physics. 2nd edn, (Wiley, 2011).
 19. Cowley, R. A. & Ryan, T. W. X-ray-scattering studies of thin-films and surfaces - Thermal oxides on silicon. J. Phys. D: Appl. Phys. 20, 
61–68 (1987).
 20. Dysthe, D. K., Wogelius, R. A., Tang, C. C. & Nield, A. A. Evolution of mineral-fluid interfaces studied at pressure with synchrotron 
X-ray techniques. Chem. Geol. 230, 232–241 (2006).
 21. Weber, W. & Lengeler, B. Diffuse-Scattering of hard X-rays from rough surfaces. Phys. Rev. B 46, 7953–7956 (1992).
 22. Garoff, S., Sirota, E. B., Sinha, S. K. & Stanley, H. B. The effects of substrate roughness on ultra thin water films. J. Chem. Phys. 90, 
7505–7515 (1989).
 23. Scoppola, E. et al. Structure of a liquid/liquid interface during solvent extraction combining X-ray and neutron reflectivity 
measurements. PCCP 17, 15093–15097 (2015).
 24. Fenter, P. & Sturchio, N. C. Mineral-water interfacial structures revealed by synchrotron X-ray scattering. Prog. Surf. Sci. 77, 171–258 
(2004).
 25. Fenter, P. et al. Surface speciation of calcite observed in situ by high-resolution X-ray reflectivity. Geochim. Cosmochim. Acta 64, 
1221–1228 (2000).
 26. Geissbuhler, P. et al. Three-dimensional structure of the calcite-water interface by surface X-ray scattering. Surf. Sci. 573, 191–203 
(2004).
 27. Braslau, A. et al. Surface roughness of water measured by X-ray reflectivity. Phys. Rev. Lett. 54, 114–117 (1985).
 28. Bohr, J., Wogelius, R. A., Morris, P. M. & Stipp, S. L. S. Thickness and structure of the water film deposited from vapour on calcite 
surfaces. Geochim. Cosmochim. Acta 74, 5985–5999 (2010).
 29. Farquhar, M. L., Wogelius, R. A. & Tang, C. C. In situ synchrotron X-ray reflectivity study of the oligoclase feldspar mineral–fluid 
interface. Geochim. Cosmochim. Acta 63, 1587–1594 (1999).
 30. Jin, H. et al. X-ray studies of self-assembled organic monolayers grown on hydrogen-terminated Si(III). Langmuir 20, 6252–6258 (2004).
 31. Wasserman, S. R. et al. The structure of self- assembled monolayers of alkylsiloxanes on silicon -A comparison of results from 
ellipsometry and Low-Angle X-ray Reflectivity. J. Am. Chem. Soc. 111, 5852–5861 (1989).
www.nature.com/scientificreports/
1 0Scientific RepoRts | 7: 7592  | DOI:10.1038/s41598-017-06977-4
 32. Pavese, A., Catti, M., Parker, S. C. & Wall, A. Modelling of the thermal dependence of structural and elastic properties of calcite, 
CaCO3. Phys. Chem. Miner. 23, 89–93 (1996).
 33. Keller, K. S., Olsson, M. H. M., Yang, M. & Stipp, S. L. S. Adsorption of ethanol and water on calcite: Dependence on surface 
geometry and effect on surface behavior. Langmuir 31, 3847–3853 (2015).
 34. Sand, K. K. et al. Binding of ethanol on calcite: The role of the OH bond and its relevance to biomineralization. Langmuir 26, 
15239–15247 (2010).
 35. Bovet, N., Yang, M., Javadi, M. S. & Stipp, S. L. S. Interaction of alcohols with the calcite surface. PCCP 17, 3490–3496 (2015).
 36. Pasarin, I. S. et al. Molecular ordering of ethanol at the calcite surface. Langmuir 28, 2545–2550 (2012).
 37. Stipp, S. L. & Hochella, M. F. Structure and bonding environments at the calcite surface as observed with X-ray photoelectron-
spectroscopy (XPS) and low-energy electron-diffraction (LEED). Geochim. Cosmochim. Acta 55, 1723–1736 (1991).
 38. de Leeuw, N. H. & Parker, S. C. Atomistic simulation of the effect of molecular adsorption of water on the surface structure and 
energies of calcite surfaces. J. Chem. Soc., Faraday Trans. 93, 467–475 (1997).
 39. Chiarello, R. P., Wogelius, R. A. & Sturchio, N. C. In-situ synchrotron X-ray reflectivity measurements at the calcite-water interface. 
Geochim. Cosmochim. Acta 57, 4103–4110 (1993).
 40. Brown, G. E. & Calas, G. Mineral-Aqueous solution interfaces and their impact on the environment. Geochem. Perspect. 1, 483–742 
(2012).
 41. Tidswell, I. M. et al. Wetting films on chemically modified surfaces - An X-ray study. Phys. Rev. B 44, 10869–10879 (1991).
 42. Bonn, D. & Ross, D. Wetting transitions. Rep. Prog. Phys. 64, 1085–1163 (2001).
 43. Bonn, D., Bertrand, E., Meunier, J. & Blossey, R. Dynamics of wetting layer formation. Phys. Rev. Lett. 84, 4661–4664 (2000).
 44. Cooke, D. J., Gray, R. J., Sand, K. K., Stipp, S. L. S. & Elliott, J. A. Interaction of ethanol and water with the {10.4} surface of calcite. 
Langmuir 26, 14520–14529 (2010).
 45. Ataman, E., Andersson, M. P., Ceccato, M., Bovet, N. & Stipp, S. L. S. Functional group adsorption on calcite: I. Oxygen containing 
and nonpolar organic molecules. J. Phys. Chem. C 120, 16586–16596 (2016).
 46. NIST Computational Chemistry Comparison and Benchmark Database, NIST Standard Reference Database Number 101 http://
cccbdb.nist.gov/ (2015).
 47. Israelachvili, J. N. Intermolecular and Surface Forces. 3rd edn, (Academic Press, 2011).
 48. Okhrimenko, D. V., Nissenbaum, J., Andersson, M. P., Olsson, M. H. M. & Stipp, S. L. S. Energies of the adsorption of functional 
groups to calcium carbonate polymorphs: The importance of -OH and -COOH groups. Langmuir 29, 11062–11073 (2013).
 49. Ghatee, M. H., Koleini, M. M. & Ayatollahi, S. Molecular dynamics simulation investigation of hexanoic acid adsorption onto 
calcite  (101¯4) surface. Fluid Phase Equilib. 387, 24–31 (2015).
 50. Islam, M. M., Diawara, B., Marcus, P. & Costa, D. Synergy between iono-covalent bonds and van der Waals interactions in SAMs 
formation: A first-principles study of adsorption of carboxylic acids on the Zn–ZnO(0 0 0 1) surface. Catal. Today 177, 39–49 
(2011).
 51. Ulman, A. Formation and structure of self-assembled monolayers. Chem. Rev. 96, 1533–1554 (1996).
 52. Haddad, J. et al. Order and Melting in Self-Assembled Alkanol Monolayers on Amorphous SiO2. J. Phys. Chem. C 119, 17648–17654 
(2015).
 53. Berge, B. et al. Melting of short 1-Alcohol monolayers on water - Thermodynamics and X-ray-Scattering studies. Phys. Rev. Lett. 73, 
1652–1655 (1994).
 54. Rieu, J. P. et al. Melting of 1-Alcohol Mololayers at the Air-Water Interface. I. X-Ray Reflectivity Investigations. J. Phys. II France 5, 
607–619 (1995).
 55. Straasø, T., Müter, D., Sørensen, H. O. & Als-Nielsen, J. Objective algorithm to separate signal from noise in a Poisson-distributed 
pixel data set. J. Appl. Crystallogr. 46, 663–671 (2013).
 56. Whiting, G. L. et al. Enhancement of charge-transport characteristics in polymeric films using polymer brushes. Nano Lett. 6, 
573–578 (2006).
 57. Zhou, X.-L. & Chen, S.-H. Theoretical foundation of X-ray and neutron reflectometry. Phys. Rep. 257, 223–348 (1995).
 58. Tolan, M. & Press, W. X-ray and neutron reflectivity. Zeitschrift Fur Kristallographie 213, 319–336 (1998).
 59. Fermon, C., Ott, F. & Menelle, A. In X-ray and Neutron Reflectivity: Principles and Applications (eds Jean Daillant & Alain Gibaud) 
183–234 (Springer Berlin Heidelberg, 2009).
 60. Material Studio and MS Visualizer v. Release 5.0, Accelerys Software Inc.
 61. Van der Spoel, D. et al. GROMACS: Fast, flexible, and free. J. Comput. Chem. 26, 1701–1718 (2005).
 62. Hess, B., Kutzner, C., van der Spoel, D. & Lindahl, E. GROMACS 4: Algorithms for highly efficient, load-balanced, and scalable 
molecular simulation. J. Chem. Theory Comput. 4, 435–447 (2008).
 63. Berendsen, H. J. C., Vanderspoel, D. & Vandrunen, R. GROMACS - A message-passing parallel molecular dynamics implementation. 
Comput. Phys. Commun. 91, 43–56 (1995).
 64. Andersen, H. C. Molecular dynamics simulations at constant pressure and/or temperature. J. Chem. Phys. 72, 2384–2393 (1980).
 65. Hockney, R. W., Goel, S. P. & Eastwood, J. W. Quiet high-resolution computer models of a plasma. J. Comput. Phys. 14, 148–158 
(1974).
 66. Humphrey, W., Dalke, A. & Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graphics Modell. 14, 33–38 (1996).
 67. Wang, J. M., Wang, W., Kollman, P. A. & Case, D. A. Automatic atom type and bond type perception in molecular mechanical 
calculations. J. Mol. Graphics Modell. 25, 247–260 (2006).
 68. Wang, J. M., Wolf, R. M., Caldwell, J. W., Kollman, P. A. & Case, D. A. Development and testing of a general amber force field. J. 
Comput. Chem. 25, 1157–1174 (2004).
 69. Freeman, C. L. et al. New forcefields for modeling biomineralization processes. J. Phys. Chem. C 111, 11943–11951 (2007).
 70. Wormington, M., Panaccione, C., Matney, K. M. & Bowen, D. K. Characterization of structures from X-ray scattering data using 
genetic algorithms. Philosophical Transactions of the Royal Society of London. Series A: Mathematical, Physical and Engineering 
Sciences 357, 2827–2848 (1999).
 71. Farquhar, M. L. et al. Surface oxidation of rhodonite: structural and chemical study by surface scattering and glancing incidence XAS 
techniques. Mineral. Mag. 67, 1205–1219 (2003).
Acknowledgements
We are grateful to Martin M. Nielsen for providing the MATLAB algorithms used for fitting the XRR data, to 
the NanoGeoScience Group for all their support, special thanks to Evren Ataman and Akin Budi for their helps 
and discussions and to the Stefan Carlson at the I811 beamline in MAX IV Laboratory and Jonathan Rawle 
and Chris Nicklin at the I07 beamline at the Diamond Light Source. The project was planned during the Nano-
Chalk Venture, which was funded by the Danish Advanced Technology Foundation and Maersk Oil and Gas 
A/S and was carried out during W-EOR, funded by Maersk Oil and Gas A/S. Travel and subsistence costs for 
the synchrotron experiments were funded by the Danish Agency for Science, Technology and Innovation via 
Danscatt.
www.nature.com/scientificreports/
1 1Scientific RepoRts | 7: 7592  | DOI:10.1038/s41598-017-06977-4
Author Contributions
The experimental data were collected at different beamtimes by S.S.H., H.O.S. and N.B. Surface model data fitting 
was performed by S.S.H. under supervision of H.O.S., J.B., N.B. and R.F. The first draft of the manuscript was 
written by the first author (S.S.H.) through contribution of the second author (M.H.O.) for MD simulations and 
finalized by all authors. All authors have contributed to scientific discussions and have given approval for its 
submission. The project was supervised by H.O.S. and S.L.S.S.
Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
